The display of peptides or proteins on the surface of viruses is an important technology for studying peptides or proteins and their interaction with other molecules. Here we describe a display vehicle based on bacteriophage A that incorporates a number of features distinct from other currently used display systems. Fusions of peptides or protein domains have been made to the amino terminus of the 11-kDa D protein of the A capsid. These fusions assemble onto the viral capsid and appear to be accessible to ligand interactions, based on the ability of a monoclonal antibody to recognize an epitope fused to the D protein on phage heads. To produce large D fusion display libraries and yet avoid the cumbersome task of cloning many fragments into A DNA, we have used the Cre-loxP site-specific recombination system in vivo to incorporate plasmids encoding the D fusions into the phage genome. Finally, we show that D fusion proteins can be added in vitro to phage lacking D protein and be assembled onto the viral capsid.
ABSTRACT
The display of peptides or proteins on the surface of viruses is an important technology for studying peptides or proteins and their interaction with other molecules. Here we describe a display vehicle based on bacteriophage A that incorporates a number of features distinct from other currently used display systems. Fusions of peptides or protein domains have been made to the amino terminus of the 11-kDa D protein of the A capsid. These fusions assemble onto the viral capsid and appear to be accessible to ligand interactions, based on the ability of a monoclonal antibody to recognize an epitope fused to the D protein on phage heads. To produce large D fusion display libraries and yet avoid the cumbersome task of cloning many fragments into A DNA, we have used the Cre-loxP site-specific recombination system in vivo to incorporate plasmids encoding the D fusions into the phage genome. Finally, we show that D fusion proteins can be added in vitro to phage lacking D protein and be assembled onto the viral capsid.
Surface display of peptides or proteins has become a powerful tool in protein engineering and for discovering ligands that bind receptors. The features that make this technology valuable are (i) the ability to create large molecular libraries of variants and (ii) in vitro selection techniques that allow efficient searches of the library without testing each member individually. Smith and coworkers (1, 2) first demonstrated this technology by using phage fd where amino-terminal fusions were made to the minor coat protein gIII. Since that time considerable progress has been made in constructing large libraries of random peptides, and a variety of proteins including antibodies have been displayed (for recent review, see ref.
3). A number of other display systems have been developed that use a bacterial surface rather than the viral capsid as the display surface (4) . A feature common to both phage and bacterial systems is that the displayed molecule(s) must be secreted across the bacterial membrane. We describe here a system where secretion is not required for phage display.
Bacteriophage A is a virus that, in its lytic mode, assembles intracellularly prior to release of viral particles from the cell. Much is known about the structural proteins that make up the viral shell and about the pathway(s) by which these proteins assemble (5) . The 11-kDa D protein encoded by the phage appears to play a role in stabilizing the phage prohead as it fills with DNA (6, 7) . Normally D protein is essential for phage head morphogenesis. However, when the size of the phage genome is <82% of wild type, phage can be assembled in the absence of D protein and are stable in the presence of 10 mM Mg2+, although they are exquisitely sensitive to disruption by EDTA (6) . The conditional requirement for D protein in viral assembly suggests that this protein may be the ideal choice for fusion with peptides or protein domains for display on the viral capsid. Recent work using cryo-electron microscopy and im-
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age processing has also shown that D protein is assembled as trimers, which appear as prominent protrusions on the capsid surface (8) . This feature suggests that peptides or proteins fused to D protein are likely to be accessible for binding to target molecules. Recently, a display system using the V tail protein of bacteriophage A has been reported (9).
MATERIALS AND METHODS
Construction and Use of Bacterial Strains and Phage*. Escherichia coli strain YMC supF was used for titering plaqueforming units (pfu). E. coli NM522 F' lacIqA(lacZ) M15 proA+B+/supE thiA(lac-proAB) containing D fusion plasmids was used as a source of extracts containing D fusion protein.
Strains NS2973 and NS2974 are JM109 recAI supE44 lysogenic for Aimm434 ninS and Aimm434 ninS Cre+, respectively. NS3762 is E. coli strain N99 sup°recAS6 tetr(ADamlS b538 cIts857 ninS). It was generated by infecting strain N99 recA+ with ADamlS b538 cIts857 ninS and selecting A lysogens at 32°C as described (10) . Since the b538 deletion in this phage removes the A integration system, the frequency of lysogeny by this phage is low, and the phage presumably insert into the bacterial chromosome by illegitimate recombination. A lysogen containing tandemly integrated prophage was selected by virtue of its ability to produce 10-100 phage per cell when the lysogen was thermally induced (11) . It should be noted that the yield of A phage in this experiment is high despite the lack of the normally essential phage D protein because the phage genome contains a net 21.5% deletion, which obviates the need for D. Finally, the tandem lysogen was made recA-by P1-mediated transduction of the recA56 allele from strain NS1426 srl::TnlO recAS6. To produce phages from NS3762, an exponentially growing culture was induced by shifting the cells from 32°C to 42°C for 15 min to inactivate the cIts857 repressor and then shifted to 38°C for 40 min. The culture was completely lysed by 45 min after the temperature shift and produced 10-50 phage per cell.
To (13) was inserted in the HindIII site adjacent to loxP.
Construction of D Fusions
Under the Control of the Arabinose Promoter. The sequences encoding the AII-D fusion and the AII-B1-D fusions from pRH800 and pRH815, respectively, were PCR amplified using the same forward primer 5' -TCGACCCGATTTAAATGTCTGACCGTGTTT-ACATCC-3' and either reverse primer 5'-GTAAACA-GATCTCTATTAAACGATGCTGATTGCC-3' for pRH800 or 5'-GTAAACGGATCCCTATTAAACGATGCTGATT-GCC3' for pRH815. The PCR-amplified fragments were digested with Swa I and Bgl II (pRH800) or with Swa I and BamHI (pRH815), respectively. The resulting fragments were cloned into Swa I/Bgl II-digested pKM18 (T. Patterson, DuPont-Merck), a derivative of pBAD18 (14) . The resulting constructs have the AII-D (pRH809) and AII-B1-D (pRH817) fusions under the control of the arabinose promoter.
Immunoblot Analysis. Phage proteins were separated by electrophoresis using a tricine/SDS/polyacrylamide gel (15) followed by electroblotting onto nitrocellulose. Fusion proteins were detected using KAA8 (16) as the primary antibody followed by biotinylated horse anti-mouse IgG (Pierce), horseradish peroxidase-conjugated avidin (Pierce), and Renaissance Western blot chemiluminescence reagent (DuPont/ NEN).
Biopanning. To immunologically select phage displaying a surface epitope, biopanning was carried out as described (2) with the following modification. Rather than acid elution, immobilized phage were assayed by adding 1 EDTA sensitivity of phage was tested. Phage were diluted into either 10 mM Tris, pH 7.5/10 mM MgCl2 (TM) or 10 mM Tris, pH 7.5/10 mM EDTA (TE) and incubated for 10 min at 37°C. Serial dilutions were then titered on YMC cells.
Generation of A, D-Fusion Plasmid Cointegrates by CreloxP Recombination. Strains NS2973 and NS2974 containing D fusion plasmids with loxP sites were grown to an OD600 of -0.2 in Luria-Bertani (LB) medium containing ampicillin (Ap) at 100 ,ug/ml at 37°C. One milliliter of cells was then centrifuged, and the pellet was resuspended in 100 ,ul of a A D-loxP lysate at a multiplicity of infection of 1. After absorption at 37°C for 10 min, infected cells were diluted to 1 ml in LB medium containing Ap (100 ,tg/ml), 10 mM MgCl2, and 1 mM isopropyl f3-D-thiogalactoside (IPTG). Cultures were grown for -2 hr at 37°C, and then cells were lysed. A drop of chloroform was added, and cell debris was removed by centrifugation. This lysate was used to infect an exponential culture of YMC at a multiplicity of infection of 1, and Apresistant (Apr) transductants containing the desired A-plasmid cointegrates were selected (17) .
Preparation of D Fusion Extracts. Cultures (20 ml) of NM522 containing either plasmid pNS3785, pRH804, or pRH815 were grown at 37°C to OD600 of -0.25. IPTG was then added to 1 mM, and the cultures were grown for an additional 2 hr at 37°C. Cells were collected by centrifugation, resuspended in 300 ,ul of extraction buffer [10 mM Tris, pH 7.6/10 mM MgCl2/50 mM NaCl/1 mM dithiothreitol/1 mM Pefabloc (Boehringer Mannheim)], and then sonicated on ice two or three times in 30-sec bursts with a Kontes sonicator. Equal volumes of this sonicate and a ADaml5 b538 cIts857nin5 phage preparation (1 x 1011 phage per ml) lacking D protein were mixed, and the mixture was incubated at 30°C for 10 min. The phage were then diluted and either titered on YMC or incubated with a monoclonal antibody for biopanning. RESULTS D Protein Fusions Are Expressed on the Surface of A. To establish that peptides or protein domains could be expressed on the surface of A, two model systems were tested. As a representative peptide, an oligonucleotide encoding the eightresidue peptide hormone AII was cloned as an amino-terminal fusion to the D gene in plasmid pRH800. As a representative protein domain, a synthetic gene encoding the 65-aa Bi IgG binding domain from group G Streptococcus (12, 18) was cloned between the amino-terminal All-encoded peptide and the D gene in pRH815.
These plasmids were transformed into NS3762, a strain lysogenic for ADamlS b538 cIts857 ninS. Upon thermal induction of the phage, it was anticipated that the D fusion protein synthesized from the plasmid would complement the phage lacking D and that the protein would be assembled on the viral capsid. To verify the presence of the D fusion proteins on the viral capsid, lysates were tested in two ways. First, samples of the lysates were concentrated and phage proteins were separated by electrophoresis and then electroblotted to a nitrocellulose filter. The blot was then probed with a monoclonal antibody, KAA8, which specifically recognizes All (16) . Since KAA8 is an IgGl antibody, it should bind the All peptide and Bl as well. As shown in Fig. 1 displayed. In the extreme, the phage could maximally display 405 copies (8) . This polyvalency would be useful for binding targets whose interaction with the D fusion protein are of low or moderate affinity. Conversely, in M13-based systems, it has been demonstrated that to select high-affinity binders from those of moderate affinity it is necessary that the peptide or protein be displayed in monovalent form (19) . In the A system, one measure of the number of D protein fusion molecules present on the capsid surface can be ascertained by the sensitivity of the phage to EDTA (6) . Phage that are D-are rapidly inactivated in the presence of EDTA. In vitro experiments in which D protein is added back to phage with Dheads have shown that the phage need to be coated with all 405 copies of D protein for them to become resistant to EDTA treatment (8) . When phage are produced from lysogens containing pNS3875 (transcription of the D gene controlled by the strong pTrc promoter), those phage were resistant to EDTA inactivation even when the pTrc promoter was not induced by IPTG (data not shown). This suggests that even under repressed conditions (the pTrc plasmid contains a lacIq gene), the pTrc promoter permits sufficient amounts of D fusion protein to be made to fully coat the progeny phage produced.
In an effort to better repress the produclion of the D fusion protein, the gene was placed under the control of the more effectively regulated arabinose promoter (14) . This promoter can be more effectively regulated and more efficiently repressed than the pTrc promoter. Two constructs, the AIItagged D fusion and the AII-B1-D fusion, were cloned into plasmid pKM18 containing the arabinose promoter, and the resulting constructs, pRH809 and pRH817, respectively, were transformed into NS3762. The phage in these lysogens were thermally induced in the presence of glucose (promoter repressed). Table 2 shows that in the presence of glucose the resulting phage are EDTA sensitive, indicating that they contain <405 copies of the D fusion protein. Interestingly, biopanning experiments show that they are captured efficiently by KAA8 (Table 2) .
Combinatorial Library Construction with A D Fusion
Phage. The results presented thus far indicate that D fusion protein produced by a plasmid in a A lysogen can be displayed on the surface of phage generated when that lysogen is induced. Since the DNA encoding the D fusion is not incorporated into the phage genome, display of the D fusion will be lost upon further propagation of the virus in cells not containing the plasmid. For construction of combinatorial libraries, such as in the display of random peptide sequences, it is necessary to have a genetic tag for each individual in the library so that upon selection from the library the displayed molecule can easily be decoded by DNA sequence analysis. We have devised a method by which the DNA coding for the D fusion can readily be incorporated into the phage genome by site- specific recombination (17) . The strategy employs the CreloxP site-specific recombination system of bacteriophage P1 and is outlined in Fig. 2 . In a cell that contains the Cre recombinase, a plasmid is introduced that contains the D fusion and a loxP recombining site. These cells are then infected with a ADaml5 imm2l ninS phage containing a loxP site. During the course of the infection process, Cre recombines the loxP site on the plasmid with the loxP site on the phage, resulting in the insertion of the plasmid into the phage genome. Ultimately the chimeric DNA molecule is packaged into the viral capsid. Phage derived from such infections should contain the plasmid and also have the corresponding D fusion protein displayed on its surface. To test this strategy, a loxP site was cloned into the plasmid containing the All-tagged D fusion, generating pRH804. This plasmid was transformed into NS2974, a strain containing a cre gene and into an isogenic strain, NS2973, in which the cre gene is absent. Exponentially growing cells were infected at a multiplicity of 1 A D-loxP phage per cell and grown for 2 hr at 37°C. Cell debris was removed by centrifugation, and the lysates were titered for pfu and Apr transductants. The recovery of Apr transductants per pfu was a 1000-fold greater when the phage had been grown in the cre-containing host. It should be pointed out that not all the phage that contain D fusion proteins have necessarily incorporated the plasmid DNA. To remove these phage from the population, the lysate was then used to infect cells not containing a cre gene, and Apr lysogens were selected. because the phage used contains the Aatt integration system or, alternatively, the A plasmid cointegrates can be maintained in cells as extrachromosomal elements because of their plasmid replicon. In any case, the A lysogens can then be grown and induced to generate a population of phage each containing a plasmid within its genome that expresses the D fusion on its surface. It should be noted that in these experiments NS2973, NS2974, and YMC are strains containing amber suppressors. Accordingly, the phages generated could contain both wildtype D protein and D fusion protein. If the desire were to generate phage with only D fusion protein, sup0 bacteria could be used in both the loxP cointegrate and A transduction steps.
To determine how effectively one can select a phage that displays a particular D fusion from a population of noncognate phage, the following reconstruction experiment was carried out. Two A D-loxP lysates were prepared in which the plasmid cointegrate contained either pRH804 with an AII-tagged D protein or pRH814 with no AII tag. In addition, the pRH814 plasmid carries the gene for Kmr. The two lysates were mixed in the various ratios shown in Table 3 , and then each mixture was biopanned using KAA8. After biopanning, immobilized phage were rescued by incubating with YMC and selecting for Apr transductants. The transductants were then subsequently tested for the presence or absence of the Kmr marker as a measure of whether the phage expressing the All D fusion had been selected from the population. Table 3 shows that despite an input titer comparable to the previous experiments (Table  1) , the recovery of phage is relatively low (<0.001% in Table  3 compared to 3% in Table 1 ), which reflects the fact that the vast majority of phages do not display AII and hence are not captured by KAA8. The phage that were captured, presumably those containing the AII tag, are very much enriched for the AprKms phenotype. Thus in Table 3 , row 2, the initial ratio of AprKmr to AprKms (KmS = kanamycin sensitive) phage is 37,000:1, but with the biopanned population it is 1.5:1, representing a 25,000-fold enrichment in a single cycle of biopanning. This suggests that in large libraries of phage displaying different random peptides one should readily be able to select out rare phages with a few cycles of biopanning and amplification.
In Vitro Addition of D Fusion Protein. It has previously been shown that wild-type D protein can be added in vitro to phage proheads lacking D protein (7) . This in vitro self-assembly by D protein could potentially be useful for adding various determinants to the surface of the virus without requiring the phage genome to encode them. It was therefore of interest to determine whether the D fusion proteins can also be assembled on proheads in vitro. Extracts were made from cells containing induced pNS3785 (wild-type D), pRH800 (AII-D), and pRH815 (AII-B1-D) and incubated with A D-phage. In all cases, the resulting phage were resistant to treatment with EDTA, indicating that the D protein had assembled on the capsid. When biopanned with KAA8, phage incubated with the D fusion extracts AII-D and AII-B1-D were captured (1995) with an efficiency of 7.2% and 6.0% respectively. These numbers are 1000-fold greater than phage incubated with a D extract.
DISCUSSION
The A D gene display system reported here presents a useful addition to a number of biological display systems that include the A V gene (9), single-stranded bacteriophage (3), and bacterial surface presentation systems (4) . A unique feature of both A systems is that the displayed peptides or proteins need not be secreted across the bacterial membrane because of the intracellular assembly of the virus. In addition, the A system may have an advantage over that of single-stranded bacteriophage for the display of proteins or peptides that are normally toxic to the cell. Thus, while cells must remain viable for many generations in order to continuously produce virus in the case of the M13-based display system, with the A systems production of any toxic protein can be shut off in a repressed lysogen and then rapidly induced for only a short period prior to cell lysis. Toxic proteins would be a problem only in the latter case if they interfered with phage production or cell metabolism during the short induction period.
There are 405 copies of D protein on the capsid of wild-type A, and nearly all of these must be present to make the phage EDTA resistant (8) . Since EDTA-resistant D fusion phage displaying either the AII peptide or Bi can be isolated, those phage must have -400 copies of the fusion protein on their capsid. This high level of polyvalency that can be obtained with the A system could be useful for detecting binding of relatively low-affinity ligands or as an immunological reagent for raising antibodies against the displayed molecule (20, 21) .
It has been pointed out that polyvalency in the M13-based display systems is not suitable for selecting high-affinity binding ligands from a background of moderate-affinity ligands. This problem has been circumvented by the development of monovalent display systems (19) . In the case of the A system, we feel that the problem of polyvalency can most likely be circumvented by providing a source of wild-type D protein in addition to the fusion protein. By varying the amounts of each of these, the extreme valency of the D fusion protein can probably be reduced.
Perhaps one reason that A has been overlooked as a display vehicle is that cloning small random oligonucleotides for creating peptide libraries is not as efficient or convenient as with the smaller single-stranded viruses or plasmid DNAs. However, introduction of the Cre-loxP site-specific recombination alleviates this difficulty, since all the cloning can readily be done in a small plasmid vector containing the D gene and then efficiently recombined onto the phage.
The display system described here has a number of potential uses. First, it should be possible to fuse a library of randomprimed cDNA molecules to the D gene and display the encoded proteins. To search the library for a given epitope using an antibody, one could then do a biopanning experiment to select relevant phage. This has the advantage over current immunological screens in which the entire library must first be plated as individual plaques and then tested with the antibody after transfer of the plaques to nitrocellulose.
A second potential use for the A display system may be as a gene delivery vehicle. Recently it has been reported that M13 phage displaying a constrained RGD sequence can be specifically taken up by Hep-2 cells (22) . We envision decorating the capsid not only with sequences required for uptake into the endosome but also with sequences that would allow the virus to disrupt the endosome. Surface decoration could be done either in vivo or in vitro and would not require that the coding sequences be part of the viral genome. The A system has the added advantage of being able to deliver sequences of up to 48 kb in length.
